Abstract-In this paper, novel design of a flux-switching permanent magnet machine (FSPMM) with a yokeless stator and two rotors has been proposed. The proposed machine has been found to perform on par with a 6-slot/13-pole C-core conventional FSPMM in terms of torque output. Additionally, the proposed machine has no significant unbalanced magnetic forces, which is a major challenge in conventional FSPMM with odd number of rotor poles.
I. INTRODUCTION

S
EVERAL industries based on applications such as wind power generation, ship propulsion, aerospace, rail transportation, hybrid vehicles and others are increasingly looking for electrical drive solutions that are robust and have high faulttolerant capability. Particularly, in offshore wind generation, high costs are involved where maintenance and repair of offshore generators are concerned and so, machines that can continue to operate even after the occurrence of a fault have been the focus of recent research. Several electric machine topologies designed for wind power generation are available in literature. Of these, flux-switching permanent-magnet machines (FSPMMs) [1] - [3] are of special interest due to some unique advantages they offer over other traditional machine topologies. FSPMM belong to a class of doubly-salient electrical machines which have all excitation sources in the same part of the machine [4] . In FSPMMs, magnetic field and armature field are perpendicular to each other and so, high torque densities can be achieved without concerns about demagnetizing the magnets. FSPMMs have high torque density, robust mechanical structure and are easily controllable. Working principle of FSPMMs with regards to airgap field harmonics has been discussed in [5] , where it has been shown that the airgap field harmonics closely resemble that of magnetically geared machines.
A quantitative comparison of traditional permanent magnet (PM) synchronous machine (PMSM) and FSPMM for hybrid vehicle applications has been presented in [6] . While it has been concluded that the 12-slot/10-pole FSPMM has smaller torque ripple and better mechanical integrity than the chosen 48-slot/8-pole Prius interior permanent magnet machine, it falls short in terms of magnet utilization. A similar comparison between PMSM and FSPMM for fault-tolerant applications has been performed in [7] . It has again been found that the FSPMM does not effectively use the magnets and so, has lesser torque capability. However, in terms of isolation between phases, robustness and thermal management, FSPMMs have been found to be an excellent option.
Influence of various design parameters on the performance of an FSPMM is discussed in [8] . A method to optimize the backemf waveform of an FSPMM based on the rotor pole-arc has been discussed in [9] . In [10] - [12] , various slot-pole combinations and winding configurations of FSPMM have been studied. It has been shown by Chen et al. [13] that the 6-slot/13-pole C-core FSPMM exhibits the highest torque output of all configurations investigated. This configuration has also been shown to require half the number of magnets and almost half the volume of magnets than other configurations of FSPMMs. As an extension of this configuration, Halbach array based 6-slot/13-pole C-core FSPMM has been developed in [14] for aerospace applications. It has been shown that the proposed Halbach design increases the torque output of the conventional C-core machine by 20% without increasing the volume of magnetic material used. The biggest drawback of the 6-slot/13-pole C-core FSPMM is the unbalanced magnetic forces (UMFs) due to the presence of odd rotor poles as shown in [13] . This gives rise to high noise and vibration.
Thomas et al. [15] have shown that a 6-slot/8-pole FSPMM is more advantageous in terms of quality of torque output and unbalanced magnetic forces (UMF) than other slot-pole combinations. A high power density 6-slot/8-pole flux-switching machine with hybrid field excitation has been designed in [16] for hybrid electric vehicle applications. In this machine, the PMs were assisted by DC field windings. By controlling the excitation of the DC field windings, better field weakening has been achieved. Outer rotor FSPMM has been proposed in [17] for in-wheel traction applications. It has been found that this configuration is suitable for a high power application. Additionally, flux weakening capability of the machine has been improved by using segmented PMs with iron bridges.
Topology of wound-field flux-switching machines (WFSM) with no PMs and only DC field windings has been analyzed in [18] and [19] . In [18] , it has been shown that the resultant machine has torque capability similar to a switched reluctance machine. Switching strategy for such a WFSM has been proposed in [19] and it has been shown that the switching not only depends on the self inductance but also on the mutual inductance of the machine. Different winding patterns of both the armature and field windings have been studied in [20] . A double stator WFSM has been analyzed in [21] that has been shown to produce 19% higher torque than a more conventional WFSM. Analytical equations for easy design of WFSMs has been proposed in [22] . A WFSM generator and its control scheme have been proposed in [23] for use in DC power systems.
In [24] , multi-tooth topology of an FSPMM has been analyzed. It has been found that the back-emf is 40% higher when compared to a similar conventional FSPMM. The torque output was consequently 40% higher when lower currents were supplied. But with increasing currents, it has been found that the machine saturates faster than a conventional FSPMM.
Axial flux FSPMMs have been studied and analyzed in [25] and [26] . As in conventional PMSMs, the axial flux topology has been shown to have higher torque capability than the radial flux topology. A double-rotor radial flux-switching machine with DC field excitation is proposed in [27] . Axial flux FSPMMs with double rotors are analyzed in [28] and [29] .
In [30] , the authors have discussed design considerations of an FSPMM that is suitable for fault-tolerant applications. Spacer teeth have been suggested that serve as a decoupling mechanism between phases. It has been shown that optimizing the sizing of spacer tooth and other design parameters of the machine, self inductance of the windings can be increased and mutual inductance can be decreased. This will result in lesser fault current in the winding during a short-circuit fault. A modular 5φ FSPMM for fault-tolerant operation has been proposed in [31] . It has been shown that a 5φ must have a minimum of 10 slots for its operation. Consequently, 10-slot/18-pole and 10-slot/19-pole FSPMMs are designed and compared for fault-tolerant purposes. FSPMMs with multiple phases are extensively studied in [32] . It has been shown that FSPMMs with multiple phases can achieve better torque density than a 3φ FSPMM.
In the present work, a double-rotor topology with a yokeless stator carrying both coils and PMs is proposed. The advantages of this topology over conventional FSPMMs are discussed in the following sections. Section II introduces the topology of the proposed design and compares it with that of the conventional design.
Step-by-step parametric optimization of the proposed machine is performed using finite-element (FE) analysis and the results are discussed in Section III of this paper. Section IV presents a detailed analysis of the UMFs on the proposed and conventional machines. Section V concludes this paper.
II. TOPOLOGY
Topology of a conventional 3φ C-core FSPMM is shown in Fig. 1(a) . The machine is chosen to have 6 slots and 13 poles as this configuration is found to have the highest torque density [13] . Design topology of the proposed 3φ 9-slot/15-pole machine is shown in Fig. 1(b) . The proposed double-rotor topology is an adaptation of the flux-switching linear machine topology proposed in [33] . A design variant of the proposed topology with 6-slots and 10-poles is shown in Fig. 1(c) . Proposed FSPMMs have the same magnetic material, core material, volume of magnets and volume of active steel as that of the conventional FSPMM in order to allow for a fair comparison. However, in the proposed topology, all the magnets are magnetized in same direction whereas in the conventional design, the magnets in adjacent stator teeth are oppositely magnetized. Strong NdFeB magnets are used as the PM excitation source. The magnets are not rectangular in shape in the proposed topology considered in this work. However, rectangular magnets may also be used with suitable redesigning of the machine structure. Laminated silicon steel M19 is used as the material for both the stator and rotors in the FE simulations. It is to be noted that in the proposed design, there is an airgap on either side of the stator making the effective airgap twice that of the conventional design. The two rotors of the proposed machine are displaced by half a pole-pitch in order to maintain symmetry for flux flow. The stator of the proposed machine is modular. A total of 9 identical modules form the stator. Fig. 3 shows the open-circuit flux lines for different rotor positions when the fluxlinkage is either maximum or zero or minimum. This helps in understanding the switching mechanism of flux in the proposed topology.
III. OPTIMIZATION FOR MAXIMUM TORQUE
The conventional FSPMM chosen in this paper already has optimal design parameters for maximum torque as presented in [13] . In order to present a fair comparison, both configurations of the proposed FSPMM (9-slot and 6-slot) is also optimized for maximum torque and is discussed in this section. A step-by-step parametric optimization is carried out with the most sensitive parameters forming the initial steps of the optimization. Number of rotor poles is the first design parameter that needs to be fixed. It has been found [13] , [33] that other sensitive design parameters of such machines are the split ratio, radius ratio, stator and rotor tooth width ratios and magnet width. These design parameters and their ranges considered for optimization are listed in Table I . In the optimization procedure carried out in this work, two sensitive parameters are grouped in a single step of the optimization to enable to visualize the sensitivity and the dependence of the output torque on these parameters in a better manner. If more than one local optimums exist, they may also be found more easily. In the first step, the number of poles of the machine is identified. In the next step of optimization, both the split and radius ratios are varied to find the maximum torque. In the third step, stator and rotor tooth width ratios are simultaneously varied to determine their effect on the output torque. Rotor tooth height is the next parameter that is investigated and optimized. And finally, the maximum amount of magnet that can be packed in the machine is determined by varying the magnet width. While the optimization is performed to achieve maximum torque, at each step, the torque ripple is also measured. This will give an idea of the sensitivity of torque ripples on these parameters. Initial parameters of the proposed FSPMM are shown in Table II . The design parameters can be identified in Fig. 2 . In order to measure the output torque, 3φ sinusoidal currents of rms 10 A are fed into the machines. Both configurations of the proposed FSPMM has the same number of turns per phase as that of the conventional FSPMM.
A. Number of Rotor Poles
Number of rotor poles of the proposed machines is chosen such that it is not much different from the 13 poles of the conventional FSPMM. For the 9-slot proposed FSPMM, rotor pole numbers from 11 to 17 are investigated. Fig. 4(a) shows the speed-normalized phase back-emf waveforms for the chosen pole numbers. It is seen that the configuration with 15 poles has the highest back-emf amplitude and so, is chosen to be used in all further analysis of 9-slot topology. The 9-slot/15-pole configuration of the proposed FSPMM also makes a reasonable comparison with the chosen conventional machine with 13 poles. For the 6-slot proposed FSPMM, rotor pole numbers from 8 to 11 and 13 to 17 are investigated [see Fig. 4(b) ]. It is seen that the configuration with 10 or 16 poles has the highest back-emf amplitude. The configuration with 10 poles is chosen as lesser number of poles means lower core losses. This is because for lesser number of poles, the electrical frequency required to run the machine at rated speed is lower.
B. Split Ratio and Radius Ratio
Fig . 5 shows the variation of the output torques of the 9-slot and 6-slot FSPMMs with the split and radius ratios. As the split ratio increases from 0.8 to 0.9, the output torque increases marginally and then, begins to decrease due to saturation in the rotors (due to reduced iron). Ripple decreases to a minimum and then, begins to increase. As the radius ratio is increased, the output torque increases while the ripple decreases continuously. Higher values of radius ratio has been discarded as it will increase the amount of iron in the stator. It is seen that for the 9-slot configuration, the maximum torque (2.7 N·m) is achieved at a split ratio of 0.88 and radius ratio of 0.65. The lowest torque ripple [see Fig. 6(a) ] also occurs at a split ratio of 0.88. However, the radius ratio where, the ripple is lowest is closer to 0.55. At this radius and split ratio combination, the output torque is 2.54 N·m. As the objective is to maximize the torque output in this work, the split ratio and radius ratios are fixed at 0.88 and 0.65 respectively as we proceed to optimize the next parameter of the machine.
For the 6-slot configuration, it is seen in Fig. 5(b) that the maximum torque output of 2.54 N·m is at a split ratio of 0.82 and radius ratio of 0.65. The ripple is lowest at a split ratio of 0.75 and radius ratio of 0.65 as shown in Fig. 6(b) .
C. Stator and Rotor Tooth Width Ratios
The next most sensitive parameter set that affects the torque output is the stator and rotor tooth width ratios. As the stator tooth-width and the rotor tooth width are increased, the output torque reaches a few local optimum values (see Fig. 7) . These values are highly dependent on the fundamental backemf induced in the windings. Increasing the rotor tooth-width ratio, reduces the ripple (see Fig. 8 ) while increasing the stator tooth-width ratio initially decreases the ripple to an optimum low but for higher values increases the torque ripple. It is seen from Fig. 7(a) that the maximum torque (3.1 N·m) for the 9-slot configuration occurs at a stator tooth width ratio of 0.3 and rotor tooth width ratio of 0.48. These values are carried on to the next step of the optimization. As an added advantage, the lowest ripple [see Fig. 8(a) ] also occurs at the same tooth width ratios combination.
In Fig. 7(b) , it is seen that the maximum torque of 2.85 for the 6-slot configuration occurs at a stator tooth width ratio of 0.32 and rotor tooth width ratio of 0.48. The tooth width ratios of the two configurations are almost the same and maybe used as good starting point design parameter values for other design configurations of the proposed FSPMM topology. Lowest ripple [see Fig. 8(b) ] for the 6-slot configuration occurs at a stator tooth width ratio of 0.34 and rotor tooth width ratio of 0.52.
D. Rotor Tooth Height Ratio
Investigation of the rotor tooth height ratio forms the next step in the optimization process. It is seen from Fig. 9 that for the 9-slot configuration, the maximum torque occurs at a range of tooth height ratios (0.47-0.55). This shows that this parameter is not particularly sensitive. However, above the tooth height ratio of 0.55, the output torque decreases due to saturation in the rotors' back-iron. The torque ripple (see Fig. 10 ) also does not vary significantly over this range. Similar observations are noted for torque output and torque ripple in the 6-slot configuration also. Fig. 9 . Variation of torque with rotor tooth height ratio in the proposed topologies-this ratio is seen to be a less sensitive parameter in both configurations. Fig. 10 . Variation of torque ripple with rotor tooth height ratio in the proposed topologies-this ratio is seen to be a less sensitive parameter in both configurations. Fig. 11 . Variation of torque with magnet width in the proposed topologiesafter a certain magnet width, the machine begins to saturate and so, output torque decreases.
E. Magnet Width
By varying the magnet width w m , maximum amount of magnet that can be packed in a given volume of the machine can be determined. Fig. 11 shows the variation of output torque with respect to the magnet width in the 9-slot configuration. It is seen that for the given volume of the machine and the given current excitation , the most optimal magnet width is 6
• . Even though torque output should ideally increase for increase in magnet width, the machine saturates at the optimal magnet width. Beyond this point, varying the magnet width is not useful and the output torque decreases. For the 6-slot configuration, the optimal magnet width is 10.6
• as shown in Fig. 11 .
F. Rotor Relative Displacement
The effect of the relative displacement between the two rotors is analyzed by studying the output torque over a complete pole- Fig. 12 .
It can be seen that the highest output torque is achieved at half the pole-pitch relative displacement. Depending on manufacturing tolerance, this relative displacement will affect the performance of the machine.
IV. COMPARISON OF CONVENTIONAL AND PROPOSED FSPMMS
Parameters of the two FSPMM designs that are compared in this paper are shown in Table III . Open-circuit flux lines of both the conventional and the proposed design are shown in Fig. 13 . In the proposed design, the flux is forced through stator teeth as the slot width is greater than the airgap length.
Due to their complex geometry and non-linearity, analytical models of flux-switching machines are difficult to obtain. Hence, the conventional and proposed machines that are compared here are analyzed using FE methods. Speed-normalized back-emfs obtained from the two machines are shown in Fig. 14 . It can be seen that all three phases of the proposed design have almost the same back-emf amplitude. The back-emf waveforms are also balanced with no even harmonics. In spite of having twice the airgap as that of the conventional FSPMM, the proposed FSPMM has almost the same back-emf amplitude. 3D FEA has traditionally been considered to be reliable in terms of predicting performance in electrical machines. In order to validate the results from 2D FEA, a 3D design (see Fig. 16 ) of the proposed machine using optimal values is analyzed using FE tools. The back-emf waveform of a single phase is compared using both 2D and 3D and is shown in Fig. 15 . We can see that the 2D FE result closely matches that of 3D FEA. The minor difference is attributed to the leakage at the end-winding side of the stator which has not been modeled in 2D.
Cogging torques of the two machines are compared in Fig. 17 . It is seen that the cogging torque in the proposed design is higher than the conventional one. However, this work did not focus on reducing the cogging torque ripples. Other design approaches may be adopted to reduce the peak-to-peak cogging torque. Skewing and current control methods are popular options typically used in PM machines to suppress cogging torque effects on the output torque.
At full load, both machines are fed using the same sinusoidal source of current with an rms value of 10 A. Fig. 18 shows the full-load output torque of both the conventional and proposed designs. It is seen that the average torque value of the proposed design is 2.9 N·m which is smaller than the 3.1 N·m obtained from the conventional FSPMM. The torque output from 2D FEA of the proposed machine is compared to the torque output obtained from 3D FEA and is shown in Fig. 19 . Flux density at full load is plotted in Fig. 20 . It is seen that tooth tips in the Fig. 21 . Torque versus input current amplitude-proposed FSPMM does not saturate for high current densities (for a phase current of 10 A-rms, the slot current density is 3.22 A/mm 2 and 3.44 A/mm 2 in the proposed and conventional machines respectively). conventional FSPMM are already saturated but in the proposed FSPMM, much less saturation is observed.
Average torques for different current densities are shown in Fig. 21 for both machines. For a phase current of 10 A-rms, the slot current density is 3.22 A/mm 2 and 3.44 A/mm 2 in the proposed and conventional machines respectively. The proposed machine has excellent linearity even under very high currents (>40 A-rms) but the conventional machine begins saturating at a lower current level (∼20 A-rms). This is an important advantage of the proposed topology. The proposed machine achieves higher saturation limits as the effective airgap is twice that of the conventional machine.
Inductances of the proposed machine and the conventional machine are compared in Fig. 22 . It is seen that both the self and mutual inductances of the proposed design are almost 1/4th lesser than that of the conventional design. This is because the airgap in the proposed machine is twice that of the conventional machine. The ratio of mutual to self inductance however remains the same in both FSPMM topologies. This ensures that the proposed FSPMM structure preserves the phase isolation which is an important advantage of the conventional FSPMM. Having a low self inductance significantly improves the power factor of the proposed design compared to the conventional design. Consequently, there is less voltage stress on the converters delivering power to the machine. Power factor for the conventional machine is 0.74 but for the proposed machine, it is 0.85.
Flux-weakening capability of the machines can be compared using the following equation [34] , (1) approaches zero, which means the theoretical maximum speed approaches infinite. For the same current in the proposed FSPMM, N max is lower than in conventional FSPMM as L d is lower. However, for practical purposes, the attainable speed is very high. It can be seen that the conventional machine has better flux-weakening due to higher L d . However, the power factor is higher in the proposed machine. Therefore, for a given speed, the DC-link voltage can be lower in the proposed FSPMM. Mechanical assembly of the proposed FSPMM is challenging. Stator of the machine can be assembled the same way as the stator of any slotless permanent magnet machine, where the coils of different phases are held together by a resin. Thermally conductive epoxy resins such as 50-3185NC from Epoxies. Etc. can be used as an encapsulator to hold the stator modules together. Such resins have tensile strengths sufficient for encapsulating the stator of the proposed machine. Thermal management is more challenging in the proposed FSPMM as both sides of the stator in the radial direction are covered by rotors which reduces convective heat dissipation.
With the same electrical and magnetic constraints and rotating at the rated speed of 800 RPM, the core loss in the proposed FSPMM is marginally higher (3 W) than in the conventional FSPMM (2.4 W). However, copper losses are the more dominant loss components in either of the machines as the rated speed is low. Although both machines have the same number of turns per phase, the conventional FSPMM has marginally higher stator resistance (53 mΩ) compared to the proposed FSPMM (50 mΩ) due to longer end-connections. This is because the number of slots in the conventional machine (6 slots) is lower than in the proposed one (9 slots). Consequently, the efficiencies of the conventional and proposed FSPMMs are 86% and 87.2% respectively. Efficiencies of either machine can be improved by reducing the stator current and consequently, reducing copper losses. The number of turns in the machines will have to be increased to compensate for the reduction in stator current and therefore, the DC-link voltage will also have to be increased. An optimization routine for a specific application based on these constraints is left for future work.
V. UMF
It has been shown in previous sections that the proposed design is capable of achieving similar or better torque densities than the conventional FSPMMs. However, the mechanical reli- ability of the proposed design becomes a concern as the design has high saliency and it might be possible that there are very high unbalanced forces. In this section, the unbalanced magnetic forces in the proposed FSPMM are studied and compared with the conventional FSPMM. Fig. 23(a) shows the horizontal and vertical forces at full load on the stator and rotors of both the conventional and proposed FSPMMs. It is seen that the conventional machine suffers from large horizontal and vertical forces but the proposed machine has zero disruptive forces. This is also true under no-load conditions as shown in Fig. 23(b) . This is because of the double-sided symmetry and same-circumferential magnetization of the PMs that the proposed design possesses. Figs. 24(a) and 25(a) show the horizontal and vertical forces on the two sections of the conventional FSPMM. It is seen that the forces of the different sections are not exactly out of phase and so, do not sum to zero at all positions. In the proposed FSPMM, these forces sum to zero at all rotor positions as seen in Figs. 24(b) and 25(b) . The unbalance can be visualized with the help of the flux lines shown in Fig. 13 . It is seen that in the proposed FSPMM, the dense portions of the flux lines are shifted exactly by 120
• whereas in the conventional FSPMM, they are not symmetrically positioned.
UMF is a major disadvantage of the conventional FSPMM considered in this paper as it gives rise to mechanical vibrations that reduce the lifetime of the bearings. While it is possible to eliminate the UMF of the conventional design by multiplying the slot-pole combination by an even number, this increases the number of rotor poles to a minimum of 26. Higher number of rotor poles increases the electrical frequency and consequently, eddy current losses in the machine. 
VI. CONCLUSION
This paper presents a novel design of an FSPMM that is capable of achieving high torque densities. Two design variants of the proposed configuration has been considered in this work. Both these designs have been optimized using a step-by-step optimization procedure to maximize the torque output of the machine. Split ratio, radius ratio, stator, and rotor tooth width ratios have been identified as the most sensitive parameters that affect the output torque of the machine. It is seen that the performance of the 9-slot/15-pole configuration is better than the 6-slot/10-pole configuration and was consequently, chosen to be compared with the conventional FSPMM.
When compared to the conventional 6-slot/13-pole FSPMM considered in this paper, the proposed 9-slot/15-pole FSPMM has excellent torque density even for high current densities. This has been achieved in spite of having twice the airgap of the conventional machine. Additionally, the proposed machine has low self-inductance thereby, improving the power factor of the machine greatly. Also, there is zero UMF in the proposed design which, reduces the amount of mechanical vibrations present in the machine. It is to be noted that the tooth width of both the rotors in the proposed FSPMM has been kept equal throughout the optimization process. Effect of varying this design parameter on the performance of the proposed machine topology is for future investigation. Thermal management and an efficient cooling strategy must also be designed to improve the efficiency of the proposed FSPMM.
The proposed machine topology and its design variants may be used in different applications such as in wind power generation, hybrid vehicles, ship propulsion and others. In particular, the proposed topology will be most suitable for offshore wind power generation where operating costs can be significantly reduced by introducing such a machine which has high torque density, robust mechanical structure and excellent fault-tolerant capability.
